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It is generally expected that heavy fields are present during inflation, which can leave their imprint
in late-time cosmological observables. The main signature of these fields is a small amount of dis-
tinctly shaped non-Gaussianity, which if detected, would provide a wealth of information about the
particle spectrum of the inflationary Universe. Here we investigate to what extent these signatures
can be detected or constrained using futuristic 21-cm surveys. We construct model-independent
templates that extract the squeezed-limit behavior of the bispectrum, and examine their overlap
with standard inflationary shapes and secondary non-Gaussianities. We then use these templates to
forecast detection thresholds for different masses and couplings using a 3D reconstruction of modes
during the dark ages (z ∼ 30−100). We consider interactions of several broad classes of models and
quantify their detectability as a function of the baseline of a dark ages interferometer. Our analysis
shows that there exists the tantalizing possibility of discovering new particles with different masses
and interactions with future 21-cm surveys.
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I. INTRODUCTION
In realistic inflation models, besides one effectively-
massless scalar field driving inflation, there is a vast land-
scape of heavy fields. Although classically these heavy
fields are not very important (except when excited by
sharp features in the model), their quantum fluctuations
leave distinctive signatures in the density perturbations.
These fluctuations are most appreciable when the masses
of the fields are of the same order as the Hubble scale
H of the inflationary background or less. For this rea-
son, this class of models is called Quasi-single-field (QSF)
inflation models [1–15]. Fields with these masses may
already be present in the spectrum of a UV-completed
unification theory, such as the KK spectrum and stringy
states in string theory [7]; they may arise from fields that
are originally light, but their mass gets uplifted by loop
corrections in the inflationary background [16, 17] or by
coupling to the background curvature. The presence of
supersymmetry can also provide a natural mechanism to
stabilize scalar fields with mass of order H [3]. In ad-
dition, it has been suggested that particles with mass
somewhat heavier than O(H) may be used as the “pri-
mordial standard clocks” [18–20] to track the evolution of
the scale factor a(t) of any time-dependent background,
providing direct evidence for either inflation or alterna-
tive scenarios. As such, these heavy fields could provide
a wealth of information about fundamental physics and
our primordial Universe.
ar
X
iv
:1
61
0.
06
55
9v
2 
 [a
str
o-
ph
.C
O]
  1
7 D
ec
 20
16
2Interestingly, heavy fields imprint potentially ob-
servable distinctive signatures in the primordial non-
Gaussianities [1–4, 6, 7] that are not captured in the low-
energy effective theories of single-field inflation models.
In particular, Arkani-Hamed and Maldacena derived a
general result [7] showing that the entire particle spec-
trum, including the mass and spin, is reflected in the
scaling behavior of various soft limits of primordial non-
Gaussianities. Moreover, the spin of particles coupled to
the inflaton can be geometrically disentangled with 3D
surveys, by studying the trispectrum [13, 21–23]. It is
likely that these are the highest mass scales directly ob-
servable1 in nature and provides a strong motivation to
fully explore the observability of such signatures in the
data. In this sense inflation has been referred to as a
“cosmological collider experiment”.
In this paper we evaluate what constraints can be
placed on the presence of heavy particles during infla-
tion, considering future cosmological surveys of the 21-
cm field. In some cases the classical oscillations of the
massive fields are excited by sharp features, leading to
resonant signals that oscillate as a function of scale, and
manifest themselves both in the power spectrum and
in higher-order correlation functions. The observational
constraints that will be reached on these type of features
in the future have been studied in Refs. [25–28]. In cases
where the inflation model does not contain sharp fea-
tures -the main interest of this paper- the signatures of
the quantum oscillations of heavy fields are more subtle.
These signals do not break scale-invariance, as quantum
fluctuations themselves do not have a preferred scale. In-
stead, heavy fields show their presence through shape-
dependent non-Gaussianities, appearing as non-analytic
scalings in various soft limits of the momentum configu-
rations [1–3, 6, 7]. For example, one can infer the mass of
the heavy field from the power of the momentum ratio be-
tween the long and short mode of the three-point function
(or bispectrum). For light fields in the mass spectrum
this power is a real number, with the power-laws between
those of the local- and equilateral-type non-Gaussianities,
behaving as “intermediate non-Gaussianities”. For heav-
ier fields in the spectrum, however, the power becomes
a complex number, which results in oscillatory signals in
the bispectrum, with the “clock signal” being the oscil-
latory component of this bispectrum. Additionally, non-
zero spins generate an additional dependence on the an-
gle between the two modes, creating an incredibly rich
phenomenology [7, 29].
Because heavy fields are expected in any realistic infla-
tionary theory, and these fields must couple to the infla-
ton at least through gravity, the existence of the signals
we study can be considered generic. However, the ampli-
1 In models that temporarily break scale-invariance, it is also possi-
ble that much heavier fields can be excited non-adiabatically and
leave different signatures in the density perturbations [18, 19, 24].
tude of these signatures depends sensitively on what type
of non-linear coupling sources the non-Gaussianities, as
well as on the interactions between the massive fields and
the inflaton [2, 3, 29], introducing strong model depen-
dence. The aim of this paper is to study the observa-
tional sensitivity of future experiments to the aforemen-
tioned cosmological signatures and to explore what types
of couplings we will be able to constrain.
The cosmic microwave background (CMB) is currently
the most powerful tool to search for primordial non-
Gaussianities, and so far it is consistent with a perfectly-
Gaussian Universe [30, 31], at least for a large class of
possible bispectra. These constraints will be extended
to those including the CMB B-modes sourced by tensor
non-Gaussianities [29, 32] and a more exhaustive search
will be performed to include recently-developed models
(e.g.[24, 33]). In the long run, both galaxy surveys [34],
and 21-cm cosmology [35] appear to be the most power-
ful tool to measure primordial non-Gaussianities. This
last probe, on which our analysis is based, consists on
mapping out the distribution of neutral Hydrogen in the
redshift range 30 ≤ z ≤ 100. During these times, most
scales are linear, which should in principle contain a very
predictable signal (unlike LSS at low z). This provides us
with an enormous amount of observable volume, which
would drastically reduce cosmic variance, making it at
least tempting to ask if such a futuristic cosmological
probe can distinguish the interesting phenomenology oc-
curring during inflation.
This paper is organized as follows. In Sec. II we review
the cosmological collider bispectrum results obtained in
Refs. [7, 20]. We then discuss overlap with well-known
shapes in the literature. In Sec. III we propose various
templates that can be used to search for signatures of
heavy fields in the data. In Sec. IV we perform a Fisher
forecast for a 21-cm experiment during the dark ages,
including non-linear effects induced by gravity and the
non-linear tracing of the 21-cm field to the underlying
fluctuations in the density and velocity fields. We discuss
which types and sizes of interactions in inflation models
are in principle observable. We conclude in Sec. V.
II. NON-GAUSSIANITY FROM THE
COSMOLOGICAL COLLIDER
In this section we review different inflation models with
massive scalar fields and describe various perturbative di-
agrams that have been considered in literature. We then
evaluate the shape function numerically and discuss its
properties. We emphasize model-independent properties
that enables us to do forecast for the observability of this
general class of models. Specific details can be found in
Appendix A.
3A. Quasi-single-field inflation and bispectra
The observable of interest in this paper is the curvature
bispectrum from QSF inflation models, in which there are
additional scalar fields with masses of order the Hubble
parameter, as first proposed in Ref. [1]. This setup has
been considered by a number of authors [2–11, 13–15]
and we briefly review their results, with an emphasis on
the characteristics relevant for observation.
The model proposed in Ref. [1] contains a heavy
scalar field σ producing non-Gaussianities from a self-
interaction σ3 vertex. As the massive field is not con-
strained by the approximate shift symmetry of the in-
flaton field, it can have strong interactions. The non-
Gaussianities are then mediated to the curvature pertur-
bation ζ by a quadratic coupling of the form ζ˙σ. The pro-
cess is described by diagram B of Fig. 1. The quadratic
coupling in this model is not put in by hand, but gener-
ated by a curved trajectory of the background field with
constant radius of curvature (see Ref. [1] for details), al-
lowing a naturally efficient coupling of the two fields.
Another scattering process has been studied in detail
recently [7, 19] and is illustrated in diagram A. A ver-
tex of the form ζ˙2σ or (∂xζ)
2σ creates a massive ex-
change particle σ. The particle is then converted back
by a quadratic coupling of form ζ˙σ. The conservative
value for the quadratic coupling in the absence of a non-
trivial background evolution, is obtained by setting one
of the legs of the cubic vertex to the background field
proportional to the slow-roll parameter. This type of in-
teractions can be realized as a consequence of turning
trajectory [2].
A variety of other scattering processes can occur (see
for example diagram C) and have been discussed in
[2, 3, 6, 29]. In the following we briefly summarize the key
scaling behavior in the squeezed limit, which is a model-
independent result and allows us to perform a more gen-
eral analysis in the following sections.
Information about the mass spectrum is encoded in
the power of the momentum ratio in the squeezed-limit
bispectrum, irrespective of the details of the scattering
processes. A key distinction can already be seen at the
level of the mode function of a massive particle. Out-
side of the horizon, the amplitude of a particle with mass
m decays as (±τ)3/2±iµ where µ =
√
m2
H2 − 94 , H is the
Hubble parameter, and τ is the conformal time. This
immediately suggests three qualitatively different mass
ranges. For m/H ≈ 0, the particle does not decay and
the phenomenology will be described by what is usually
called multi-field inflation. For 0 < m/H ≤ 3/2, the field
decays, with a rate determined by the mass parameter.
Finally, for m/H > 3/2 the field decays while experi-
encing oscillations as a function of τ . These behaviors
have been shown to lead to a characteristic scaling of the
squeezed limit of the bispectrum given by
Ssqueezed ∝
(
klong
kshort
)1/2±iµ
. (1)
This form reproduces the power-law of the squeezed limit
of the local shape when m/H ≈ 0 and interpolates be-
tween the local and equilateral shapes up to m/H = 3/2.
For higher masses, it becomes an oscillatory function of
klong/kshort.
In principle, the bispectrum receives contributions
from all interaction vertices and quadratic mixing ver-
tices that can be generated from ζ, σ and their deriva-
tives. The physical arguments that lead to the above
power-law/oscillatory behavior do not depend on the pre-
cise couplings of the theory, making it quite generic. This
is the most important point of the cosmological-collider
analogy [7]. Therefore, the squeezed limit of the bispec-
trum, and more generally soft limits of non-Gaussianities,
can be considered as a particle detector for massive par-
ticles.
The possible amplitudes of these bispectra span a wide
range of values, and strongly depend on the nature of cou-
plings in the model [2, 3, 20, 29]. It is the purpose of this
paper to investigate what sizes of the bispectrum may
be measurable and the detectability of heavy particles in
the futurist 21-cm experiments. We will also discuss the
implications on model building.
Finally, we note that for large masses m > O(H) the
signal acquires a Boltzmann suppression e−piµ [7], since
particles that are too massive cannot be produced ther-
mally during inflation. This factor limits the mass range
of this primordial “particle detector”. So we focus on
particles whose masses are not too much heavier than H.
Previous works [8, 9] have considered the detectability
of these signals with the cosmic microwave background
and large-scale structure in the mass range m/H ≤ 3/2
(which corresponds to the power-law behavior in the
squeezed limit). In this work, we consider the 21-cm
experiments and study both the range m/H ≤ 3/2 and
m/H > 3/2 (i.e. both the power-law and oscillatory be-
haviors).
B. The primordial shape function
The primordial shape function has been evaluated in
[7, 20] for diagrams of type A in Fig. 1. Except for the
squeezed limit shape, there is no full analytic expres-
sion available, but partial results including the full shape
that contains the clock signal have been been provided
[20]. Ref. [20] also showed how to efficiently evaluate
the necessary integrals using Wick rotations. We review
the derivation of the shape from the in-in formalism and
details of the numerical evaluation of the integrals in Ap-
pendix A.
In the present analysis we work in terms of primordial
4A
B C
FIG. 1: Simplest tree-level bispectrum Feynman diagrams
for QSFI. Type A diagrams, where one leg is taken to be the
background field, were computed in [7, 19]. Type B diagrams
were computed in [19]. Diagrams of type C were included in
the general EFT studies in [3, 6].
curvature perturbations ζ, with power spectrum
〈ζ(k1)ζ(k2)〉 ≡ (2pi)3δD(k12)Pζ(k), (2)
where k12 ≡ k1 + k2, Pζ(k) = A/k3, with A = 2pi2As,
and As has the Planck best-fit value As = 2.2 × 10−9
[36], and we have ignored the small running of the power
spectrum. We define the shape S(k1, k2, k3) of the three-
point function as
〈ζ3〉 ≡ (2pi)3δD(k123) A
2
(k1k2k3)2
S(k1, k2, k3). (3)
We also define the bispectrum quantity Bprim through
〈ζ3〉 = Bprim(k1, k2, k3)(2pi)3δD(k123), (4)
Namely, Bprim(k1, k2, k3) = A
2S(k1, k2, k3)/(k
2
1k
2
2k
2
3). In
Appendix C we remind the reader of the normalization
used throughout the literature.
The primordial shape function from particle interac-
tions of the form above can generally be expressed in the
form
S(k1, k2, k3) = fNL
[
k1k2
k23
I
(
k1 + k2
k3
)
+
k1k3
k22
I
(
k1 + k3
k2
)
+
k2k3
k21
I
(
k2 + k3
k1
)]
, (5)
where I is an integral over Hankel functions, which oscil-
lates for squeezed triangles if m > 3H/2, and fNL is the
amplitude of non-Gaussianities. We plot the result for
different mass parameters µ in Fig. 2, with an arbitrary
scaling to emphasize the oscillations.
C. Degeneracy with other shapes
Before we calculate the shape overlaps for different
values of µ, we examine the shape function on the axis
k1 = k2, k3 = 1 Mpc
−1 shown in Fig. 3. It is clear that
this shape peaks for equilateral and flattened configura-
tions. The interesting oscillatory signal is very small for
µ > 1, so that high µ are essentially identical. We there-
fore expect a large overlap with the equilateral shape
(yellow curve) and a large cross-correlation for different
µ. We will now quantify these statements.
The correlation between two different bispectra
Bi(k1, k2, k3) and Bj(k1, k2, k3) is given by [37, 38]
C(Bi, Bj) = 〈Bi, Bj〉√〈Bi, Bi〉〈Bj , Bj〉 , (6)
where the signal-to-noise-weighted inner product 〈〉 is de-
fined as
〈Bi, Bj〉 ≡ V
8pi4
∫
VB
∏
dki ×
k1k2k3Bi(k1, k2, k3)Bj(k1, k2, k3)
P (k1)P (k2)P (k3)
.
(7)
For a scale-invariant spectrum this volume integral sim-
plifies to a 2-dimensional integral. We calculate the auto-
correlation of the shape with different mass parameters,
shown in Fig. 4 (bottom). The oscillatory contribu-
tion that “measures” the mass is strongly suppressed at
large µ, leading to a large shape overlap and a poorly-
determined mass parameter. For comparison we calcu-
late the overlap with the standard local, equilateral and
orthogonal non-Gaussianity shapes in Fig. 4 (top). It
is clear that given the large overlap with the equilateral
shape, a dedicated search with CMB data for this par-
ticular shape will most likely yield a null result given
that current bounds on equilateral non-Gaussianity are
consistent with zero [31] and forecasted constraints will
improve by at most a factor of 3 [39]. This motivates us
to propose a template that captures the effect we are aim-
ing to measure and consider more futuristic cosmological
observables.
III. CLOCK SIGNAL TEMPLATES
In this section we aim to construct bispectrum tem-
plates which are maximally sensitive to the signatures
sourced by heavy particles. Based on our review and
analyses on the cosmological collider signals in the pre-
vious section, we would like to achieve two goals in this
construction. First, as we pointed-out, although the am-
plitude of the bispectrum is highly model-dependent, the
oscillatory/power-law behavior in the squeezed limit en-
codes the particle spectrum model-independently; there-
fore, we would like to construct templates that capture
this model-independent behavior while keeping the am-
plitude as a free parameter. Second, as we have shown,
the squeezed-limit of bispectrum is only a small part
of the full bispectrum signal, and the full bispectrum
has large overlap with the usual equilateral bispectrum
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FIG. 2: Bispectrum shape function for different values of µ for two different couplings, ζ˙2σ and (∇ζ)2σ, normalized to unity
at k1/k3 = 1. The plot contains the full bispectrum, including all terms and permutations. Our results for ζ˙
2σ are in
exact agreement with the results in Ref. [20] Fig. 6. Note that the full shape includes both the clock signal (non-analytic in
momentum) and non-clock signal (analytic in momentum). The former is Boltzmann-suppressed at large µ, while the latter is
power-law-suppressed. In the last two figures, the normalization at the equilateral point is dominated by the latter.
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FIG. 3: Primordial shape function on the axis k1 = k2, k3 = 1
Mpc−1, normalized to 1 for k1 = 1 Mpc−1.
which does not contain the particle spectrum informa-
tion; therefore we would like to remove such “contami-
nation” from our template.
A. A template for clock signals (m > 3H/2 case)
We would like to find a shape function that indicates
the presence of heavy particles, without knowledge of
the precise inflationary interactions. In the last sec-
tion we have seen that the shape arising from massive
particles has a large overlap with other shapes, as well
as with the signal for other masses. To obtain a de-
tection that cannot be confused with self-interactions of
the inflaton (which give rise to local or equilateral non-
Gaussianities), one has to focus on the oscillatory part.
Following Ref. [20], we call the oscillatory contribution
the clock signal, and the rest the non-clock signal. The
inflationary clock signal has been shown to take the fol-
lowing model-independent form [7],
S ∝
(
klong
kshort
)1/2±iµ
. (8)
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tion of µ. All correlators are very large, showing the small
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Motivated by this behavior, as well as the symmetry of
Eq. (5), we therefore propose a template of the form2
Sclock(k1, k2, k3) =fNL
37/2
2
A (α123) (α123)
−1/2×
sin
(
µ ln
(α123
2
)
+ δ
)
+ 2 perm,
(9)
where α123 =
k1+k2
k3
and where δ is a calculable but
model-dependent phase. Here A(α) is a window func-
tion meant to remove equilateral contributions. We will
consider two different window functions, a smooth gen-
eralized Gaussian of the form
AG(α123) = 1− exp−(
α123−1
a )
b
, (10)
and a sharp cutoff
AH(α123) = H(α123 − α0), (11)
2 With respect to the first preprint version of this paper we have
changed the normalization of this shape so that the amplitude in
the squeezed limit matches that of the non-oscillating shape to
be discussed below in Eq. (15) for ν = 0 (the upper mass limit).
This choice makes signal comparisons between the two shapes
more intuitive.
where H is the Heaviside step function. We discuss the
choice of the window function and its parameters a, b or
α0 next.
While the proposed template does not capture the
shape perfectly, it should give a good tool for forecast-
ing the crucial clock signal, allowing us to detect massive
particles during inflation. The non-separability of the
template need not concern us here, as we are not per-
forming a CMB analysis, although factorizability of an
oscillatory bispectrum can be achieved as in [40, 41]. The
form of the template is shown in Fig. 5 where we adjusted
the amplitude so that it asymptotes to the numerical re-
sult. Given enough oscillations in the observed volume
these templates are approximately orthogonal, and one
can search for multi particle contributions of the form
S =
∑
i
ai S
clock
µi (k1, k2, k3), (12)
where we assumed that the interaction between these
particles can be neglected. We emphasize that it is the
oscillatory clock signal which is approximately orthogo-
nal, not the sum of the clock and non-clock (equilateral
type) signal.
B. Window function and correlators of the
template
The signal-to-noise ratio of the template given an un-
derlying amplitude fNL, as well as the overlap of the
template with other shapes, depends sensitively on the
chosen window function to suppress the equilateral con-
tribution. This choice is influenced by two competing ef-
fects. On the one hand, we would like to keep as much of
the phase space (k1, k2, k3) as possible, to get the largest
amount of signal. On the other hand, the signal is clean-
est in the squeezed limit, while in the equilateral region
k1 ∼ k2 ∼ k3 there is a large overlap, which prevents us
from unambiguously detecting signatures of heavy parti-
cles.
To gain intuition into these effects, we show a plot
of the template shape as a function of its squeezedness
(k1/k3), however this time rescaled by powers of the
wavenumbers so that the plot is indicative to the signal-
to-noise contribution from different values of (k1/k3).
The plot in Fig. 6 thus takes into account the number
of independent momentum triangles for each configura-
tion, which is inversely proportional to its “squeezed-
ness”. Most of the signal comes from the first oscilla-
tion, and highly-squeezed triangles do not noticeably con-
tribute as their number is suppressed by negative powers
of (k1/k3). Therefore, it is crucial to include as much of
the first oscillation as possible to obtain a good estima-
tor. To achieve that goal we have chosen the parameters
a = 10 and α0 = 10, so that triangles for which α > 10
contribute to the template, while smaller values are sup-
pressed. The generalized-Gaussian window function re-
sults in a smoother shape and smoother correlators. We
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FIG. 5: Template Eq. (9) compared to the full numerical result for µ = 2. All permutations are included.
have set its sharpness parameter to be b = 10, to make
sure that equilateral triangles are strongly suppressed.
We plot the primordial correlator of our template (us-
ing the generalized-Gaussian envelope with a = b = 10)
with the three standard shapes in Fig. 7 (left). In general,
the cutoff induces a phase dependence, which is inherent
in the selection of triangles. The equilateral contribu-
tion has almost completely been removed. The overlap
with the local shape is larger as is appropriate for a shape
peaking in the squeezed limit. While at low µ the overlap
with standard shapes is still moderately large, it should
be noted that even the local and equilateral shape have
a correlator of about 0.4 in the CMB, so an independent
analysis with this correlator is still warranted. In Fig. 7
(right) we also plot the auto correlator of the template
shape between different µ, which indicates the precision
with which different frequencies can be distinguished ef-
fectively.
As we have seen, the overlap depends on the envelope
parameter, the phase, and the frequency. For an optimal
analysis, the envelope parameter could therefore be cho-
sen frequency and phase dependent. While we are not
doing so in our forecast for simplicity, we briefly discuss
how the optimal cutoff would be chosen. Let us assume
that the underlying bispectrum shape can be decomposed
as
S(k1, k2, k3) = aS
equi. + b Sclockp (k1, k2, k3) (13)
where the parameter p adjusts the envelope of the clock
template, and where the two shapes are normalized so
that their integrated signal for a = b = 1 in the exper-
iment is the same (which requires a change of normal-
ization). As we have seen above, for many models, one
expects that equilateral non-Gaussianity would have to
be detected first, with large significance, before one could
hope to find the clock signal. Next, we assume that we
already have detected the equilateral amplitude a with
significance aσ sigmas by a future experiment. In this
case, one would ask if there is also evidence for the clock
signal. The template would then have to be decorrelated
so that
C(Sequi., Sclockp ) ≤
1
aσ
(14)
which would determine the choice of p.
C. A template for intermediate bispectra
(m < 3H/2 case)
Because quantum fluctuations of massive fields are
most significant if these fields have masses of order H,
we are most interested in the mass range |µ| . O(1).
This includes both the real and imaginary µ case. In
this section, we present the template for the m < 3H/2
(i.e. imaginary µ) case.
For imaginary µ, the template is constructed in [2].
The oscillatory behavior of the clock signal is analyti-
cally continued to a simple power-law behavior, and the
shape of the bispectrum lies in between that of the local
and equilateral shape, which is called the intermediate
shape3:
Sˆint(k1, k2, k3) = fNL 2 3
7
2−3ν k
2
1 + k
2
2 + k
2
3
(k1 + k2 + k3)
7
2−3ν
(k1k2k3)
1
2−ν
(15)
where ν ≡ √(9/4)− (m/H)2 = −iµ and 0 < ν < 3/2.
In the squeezed limit k3  k1 = k2, Sˆint ∼ (k3/k1) 12−ν ,
in contrast to the local shape Sloc. ∼ (k3/k1)−1 and the
equilateral shape Sequi. ∼ k3/k1. The difference between
these shapes is most apparent in the squeezed configura-
tion. However, the intermediate shape template has large
overlap with either the equilateral or local template, es-
pecially for 0 < ν < 1/2 due to the equilateral region.
For CMB and LSS this is the main obstacle to distin-
guish ν ∼ 0 for fNL ≤ 100 [8]. For 21-cm, we expect
to have much more squeezed configurations, and we may
be able to afford to have a window function that cuts off
the equilateral regions of the template, as we did for the
clock signal, e.g. ,
Sint(k1, k2, k3) = fNL (AG(α123) +AG(α231) +AG(α312))
Sˆint(k1, k2, k3) . (16)
3 With respect to the first preprint version of this paper we have
changed the normalization of this shape to enforce S(1, 1, 1) = 6
to faciliate comparison with other shapes below.
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FIG. 6: Characteristics of the generalized Gaussian and the step function envelope. The plot is scaled so that the y-axis
indicates the signal-to-noise contribution of triangles with this level of squeezing. The Gaussian AG has a = 10 and b = 10 and
the step function AH has α0 = 10. For the step function we show two different µ values. An important lesson from this plot is
the importance of the first peak for the signal-to-noise.
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FIG. 7: Left: Primordial bispectrum correlation Eq. (6) between the clock template with envelope AG (a = b = 10) and the
standard inflation shapes as a function of µ. Right: Auto correlation for the clock template between different µ. The auto
correlation indicates how precisely different µ can be discriminated.
D. Adding Spin
A further generalisation can be made to particles with
spin, which was shown in Ref. [7] to give rise to a squeezed
limit
S ∝
(
klong
kshort
)1/2±µ
Ps(cos Θ) (17)
where Θ is the angle between klong and kshort.
When adding spin to the massive interacting fields, the
bispectra pick up a Legendre term Ps(cos Θ) [7], with Θ
the angle between the k1 and k3 (+ 2 permutations). To
add this effect to our template, we use that
cos Θ ≡ kˆ1 · kˆ3 = k
2
1 + k
2
3 − k22
2k1k3
. (18)
Note that this is already of the factorized form, and Leg-
endre polynomials are just sums of power laws in this
quantity, which remain factorized for each spin. We do
not consider spin here, and leave this for a future study.
See e.g [42] for a recent attempt to constrain the effects
of anisotropic non-Gaussianity on galaxy shapes.
IV. 21-CM FORECAST FOR THE TEMPLATE
Due to spin-orbit coupling, neutral Hydrogen has two
differentiated ground states, a singlet and a triplet, where
the latter can decay to the former by emitting a photon
with a 21-cm wavelength (or 1400 MHz frequency). Most
baryonic matter in our Universe is in the form of Hydro-
gen, thus being able to emit and absorb in this line if
neutral. Due to the large comoving volume, as well as
the high resolution that can be achieved by observing this
redshifted 21-cm line, there has been numerous studies
into using it for cosmological measurements [43–47]. Of
particular interest is the redshift range z = 30−100, also
known as the “dark ages”, where the 21-cm line can be
observed in absorption against the CMB.
9Let us name n0 and n1 the number densities of Hydro-
gen in the singlet and triplet state, respectively. We can
then define the spin temperature as [48, 49]
Ts = T∗/ log
(
3n0
n1
)
, (19)
where T∗ = 0.068K is the energy corresponding to the
21-cm transition. During the dark ages the spin temper-
ature can be written as
Ts = Tγ +
C10
C10 +A10
Tgas
T∗
(Tgas − Tγ), (20)
where A10 is the Einstein spontaneous-emission coeffi-
cient, C10 the collisional coefficient, and Tgas and Tγ are
the gas and CMB temperatures, respectively. As long as
the Hydrogen spin temperature is lower than that of the
CMB there will be absorption of 21-cm photons from the
Rayleigh-Jeans tail of the CMB. The optical depth for
this absorption is
τ =
3
32pi
T∗
Ts
nHIλ
3
21
A10
H(z) + (1 + z)∂rvr
, (21)
where nHI is the neutral-Hydrogen number density, λ21 is
the wavelength of the 21-cm transition, H(z) the Hubble
parameter, and ∂rvr the radial velocity gradient. This
will create a temperature contrast with respect to the
CMB given by
T21 = τ
Ts − Tγ
1 + z
. (22)
The distribution of neutral Hydrogen at high redshift
is not perfectly homogeneous. This induces perturba-
tions to the brightness temperature of different patches
of sky, and in terms of Fourier modes the temperature
fluctuation can be written to linear order as
δT lin(k) = (α+ T 21µ
2)δb(k), (23)
where we have defined µ = k · nˆ/k, and the redshift-
dependent functions α(z) = dT21/dδb and T 21(z), also
known as the global signal, can be found on Ref. [35].
This yields a temperature power spectrum
PδT (k) =
(
α+ T 21µ
2
)2
Pδb(k). (24)
A. The 21-cm bispectrum
We are interested in the bispectrum of 21-cm fluctua-
tions [50, 51]. The temperature three-point function can
be written as
〈δT21(k1)δT21(k2)δT21(k3)〉 = (2pi)3δD(k1 + k2 + k3)
×BδT (k1,k2,k3). (25)
Given a primordial bispectrum Bprim, defined in eq. (4),
one can find the resulting temperature bispectrum as [35]
BδT,prim(k1,k2,k3) = Bprim(k1, k2, k3)
3∏
i=1
[α+ T 21µ
2
i ]T (ki),
(26)
where µi ≡ ki · nˆ/ki, and T (k) is the linear transfer
function for baryons. In the next section we forecast the
sensitivity for primordial bispectra parametrized by the
shape functions
Sclock(k1, k2, k3) = fNL
37/2
2
AG (α123) (α123)
−1/2
sin
(
µ ln
(α123
2
)
+ δ
)
+ 2 perm.
(27)
with envelope AG(α123) = 1−exp−(
α123−1
10 )
10
and α123 =
k1+k2
k3
. We will also consider the case with imaginary
µ = iν, where our template will be
Sint(k1, k2, k3) = fNL [AG(α123) +AG(α231) +AG(α312)]
2 3
7
2−3ν k
2
1 + k
2
2 + k
2
3
(k1 + k2 + k3)
7
2−3ν
(k1k2k3)
1
2−ν .
(28)
B. Secondary non-Gaussianities
Due to the slow collapse of the Hydrogen clouds un-
der gravity, 21-cm fluctuations from the dark ages are
not perfectly linear. Gravity, being a non-linear theory,
generates secondary non-Gaussianities. In adddition, the
fluctuations of the 21-cm field are a biased tracer of the
underlying density field, causing additional secondary
non-Gaussianities.
It was shown in Ref. [35] that these secondary non-
Gaussianities dominate the signal, and would swamp the
primordial signal by several orders of magnitude. There
are 21 geometrically distinct shapes of secondary non-
Gaussianities to second order in both the baryon over-
density δb, and the velocity perturbation δv ≡ −(1 +
z)∂rvr/H(z). For this reason it is necessary to marginal-
ize over these secondaries, in order to find the much-
smaller primordial signal.
We can decompose the observed T21 bispectrum, with
the best-fit secondary bispectrum subtracted, as
BδT = BδT,prim +
21∑
i=1
σci
∂
∂ci
BδT,sec,i, (29)
where the secondary bispectra are calculated in Ref. [35],
and shown in our Appendix B, and ci are their ampli-
tudes.
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FIG. 8: Top left: Ultimate cosmic variance limited sensitivity for template Eq. (27) with kmax = 300 Mpc
−1 (Jeans limit) and
30 < z < 100 as a function of µ. Top right: Sensitivity as a function of the baseline of a noiseless experiment, assuming the
radial resolution matches the angular resolution. Bottom plots: same quantities for template Eq. (28) as a function of ν. In
all plots the frequency, phase and cosmology is fixed (we study the frequency determination below). Note that even a baseline
of 1000km still does not reach the kmax = 300 Mpc
−1 limit of the left side plots.
We define the signal-to-noise-ratio (SNR) degradation
as the amount of signal lost with respect to the case
without secondaries, i.e.
√
F−100 F00 − 1, assuming the
subindex 0 corresponds to fNL and the Fisher matrix
Fij is computed as in Eq. (7) using BδT (k1,k2,k3) and
PδT (k) at z = 50. We show a histogram of the degrada-
tions in signal to noise when adding each of the 21 inde-
pendent shapes in Figure 9 for the µ case, and in Fig. 10
for the ν case. We find that most secondary shapes
are orthogonal to the µ primordial shapes, especially for
higher µ values, due to more-rapid oscillations. In the
ν case, however, there is significant overlap between sev-
eral secondaries and the primordial signal, which is to be
expected since the ν shapes interpolate between the lo-
cal and equilateral templates, already found to be highly
correlated with secondaries in Ref. [35]. We show the
total degradation in signal to noise in Tab. I, where we
have marginalized over the 21 secondary shapes simulta-
neously. All the degradation factors are O(1), and are
particularly small for the oscillatory (µ) case. We note
that this degradation is driven by a few highly-correlated
shapes, so restricting the analysis to 4 linear combina-
tions of the 21 shapes, as done originally in Ref. [35],
would not change results significantly. We conclude that
secondaries would not strongly affect our forecasts, and
we ignore them for the rest of this work.
Model SNR Deg.
µ = 0.3 0.99
µ = 0.7 0.75
µ = 1 0.47
µ = 2 0.56
ν = 0.3 1.05
ν = 0.7 1.92
ν = 1 1.44
TABLE I: Degradation in SNR computed as
√
F−100 F00 −
1, when considering the 21 secondary shapes of non-
Gaussianities simultaneously.
With these approximations, the evaluation of the inte-
gral is straightforward. Numerical care must be taken to
correctly sample highly-squeezed triangles, which carry a
significant part of the signal for this shape.
C. Fisher forecast methodology
A commonly-used, and computationally-simple,
method for forecasting the experimental precision for
3D surveys is to work directly in perturbation space,
neglecting the spherical geometry of the observation. A
recent 21-cm forecast using this method for step features
and resonance signals can be found in Ref. [28]. Redshift
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FIG. 9: Histogram of the (natural logarithm of the) degrada-
tion in the SNR, defined as
√
F−100 F00−1, with each of the 21
secondary shapes. In red we show the µ = 0.3 case, in gray
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FIG. 10: Degradation in the SNR, defined as
√
F−100 F00 − 1,
with each of the 21 secondary shapes independently. In red
we plot the ν = 0.3 case, in gray ν = 0.7, in blue ν = 1.
evolution can be taken into account approximately by
binning in several redshift bins with volume Vi. The
Fisher matrix is (see for example [52, 53])
F bij =
∑
zi
∑
T,T ′
∂B(T, zi)
∂pi
(C−1)TT ′
∂B(T ′, zi)
∂pj
. (30)
where pi = {fNL, µ, ci} are the parameters we want to
find, and T is the sum over triangles, i.e.,
∑
T
≡
kmax∑
k1=kmin
kmax∑
k2=k1
k2∑
k3=max(kmin,k2−k1)
, (31)
and the Gaussian covariance matrix between triangle
configurations is
CTT ′ =
(2pi)3
Vi
pis123
dk1dk2dk3
P (k1)P (k2)P (k3)
k1k2k3
δTT ′ (32)
with symmetry factor s123 (6, 2 or 1 for equilateral,
isosceles and general triangles). In this way we can fore-
cast: (i) the minimum measurable fNL for each µ, when
marginalizing over µ, and (ii) the error in µ given some
non-zero value of fNL. From Eq. (30) it is clear that
∂B/∂µ ∝ fNL, so σµ ∝ 1/fNL, making the mass of the
particles easier to determine with a larger amplitude of
non-Gaussianities.
To find the total Fisher matrix we just add the infor-
mation over all the frequencies νI as
F totij =
∑
νI
Fij(νI) ≈
∫ z2
z1
dz
(1 + z)2
ν0
∆ν
Fij(z), (33)
where ν0 = 1400 MHz, and ∆ν is the bandwidth. We
take as integration limits z1 = 30 and z2 = 100, to repre-
sent the observable dark ages. Notice that the bandwidth
factor will cancel with the comoving volume on the de-
nominator of Eq. (32).
D. Results
As an ultimate upper limit of the detectability of our
template, we first make a cosmic-variance-limited fore-
cast where kmax = 300 Mpc
−1 [54], i.e. around the Jeans
limit of the baryon perturbations. The largest observ-
able modes kmin are limited by the survey volume only,
which we take to cover the redshift range z = 30 to
z = 100, ignoring possible foreground contamination at
low k [55, 56]. We show results for this setup in Fig. 8
(left). As expected, under the simplifying assumption
made here, the sensitivity is not strongly depended on the
mass parameter µ. To avoid confusion, we note that the
amplitude of our template is a free parameter, while in
model building such an amplitude would become increas-
ingly difficult to realize as µ becomes larger than O(H)
due to Boltzmann suppression. In the present analysis we
have set the phase to zero. For small values of µ the am-
plitude sensitivity is somewhat phase dependent, while
for larger µ the values stabilize. For example, for µ = 1,
the sensitivity σf changes with the phase by at most a
factor of two. In general, the phase is well determined by
the data when the frequency is well determined and vice
versa. The phase is computable in a given model and
depends on the coupling. Leaving the phase as a free
parameter in the data analysis would decrease the fre-
quency resolution, but for the precision of this forecast
this can be ignored.
It is very challenging to measure angular resolution
with high precision. The maximum wavenumber observ-
able is constrained by the baseline b of the experiment,
in km, as
kmax ' 2piν0b 1
d(z)(1 + z)
1
c
(34)
with ν0 the rest frequency of the 21-cm line in Hz, c
is the speed of light in km/s, and d(z) is the confor-
mal distance in Mpc given by the redshift window of
the experiment. For reference we plot this function
in Fig. 11. We also assume that the radial resolution
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matches the angular resolution, sharing the same kmax.
This is a conservative assumption as for current 21-cm
experiments it is easier to improve the redshift resolution
than the angular resolution. The minimum measurable
mode kmin is limited by the radial distance accessible
to an experiment with 30 < z < 100 and we set it to
kmin = 2pi/(dzmax − dzmin) = 0.005 Mpc−1 in both the
radial and angular direction.
Using these parameters, we plot the sensitivity as a
function of array baseline in Fig. 8 (right), assuming neg-
ligible instrumental noise. For a fixed primordial ampli-
tude, the sensitivity of the oscillatory template does not
depend on µ significantly. This is different for the non-
oscillatory intermediate-bispectra template which has a
mass-dependent power-law in its squeezed limit. This
power-law is responsible for the larger signal to noise of
the intermediate bispectra template, especially for larger
ν (lower mass). As we explained above, for lower mass
the template approaches the power-law of the local shape,
which has most of its signal in the squeezed limit, the re-
gion we select with our shape envelope.
We also examine the degeneracy of the amplitude and
frequency measurements in Fig. 12 for an experiment
with a baseline of b = 100 km. For the oscillatory tem-
plate (left) the plot illustrates that larger masses µ allow
a better mass determination, as more oscillations are vis-
ible. The correlation between amplitude and frequency
also decreases for larger µ, because more oscillations can
be observed. Again for large ν the intermediate-bispectra
template has a larger signal to noise for a given fNL, so it
allows for a more precise mass determination. Of course,
non-Gaussianities with large amplitudes fNL would al-
low a better determination of µ or ν, perhaps allow-
ing us to detect several masses independently. The rel-
ative uncertainty on the frequency scales with f−1NL , as
one can see from the Fisher matrix, so that for example
∆µ/µ ∼ 1%×f−1NL for µ = 1.0 in Fig. 12 (left). This prop-
erty can be used to obtain sensitivities for other fiducial
fNL values.
We compare the sensitivity for our template to that of
more familiar shapes in Tab. II, for a benchmark exper-
iment with 30 < z < 100 and kmax = 10 Mpc
−1. The
local, equilateral and constant shape functions are nor-
malized so that S(1, 1, 1) = 6fNL. We show values with
and without the envelope function, to show how much of
the phase space is cut off. We do not marginalize over
the frequency or secondary non-Gaussianities here, as our
aim is to compare the signal strength only.
Notice that these results are significantly more opti-
mistic than those in Ref. [35]. Part of the reason is that
we do not marginalize over secondary non-gaussianities.
More important is our use of the k-space Fisher matrix
on Eq. (30), which is the most optimistic case, whereas
Ref. [35] used `-space estimators, which discards signif-
icant line-of-sight information. The two cases can be
taken as the optimistic and pessimistic limit, respectively.
As expected, the envelope cuts a large part of the sig-
nal of the equilateral shape, and almost nothing of the
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FIG. 11: Angular resolution kmax vs. array size for z = 65,
in the middle of our red-shift range 30 < z < 100.
squeezed local model. From the constant model one can
see that the envelope reduces the sensitivity by a factor
4, i.e. only about one in 16 triangles survives the cut.
The massive particle template for the oscillatory shape
with µ = 1 only makes physical sense with the envelope,
as the full physical shape resembles the equilateral shape
with a small oscillatory addition in the squeezed limit
which we wish to pick up. The sensitivity of the shapes
with envelope is dominated by their scaling properties in
the squeezed limit, which of course favors in particular
the local shape.
local σf = 0.0003
local with envelope σf = 0.0003
equilateral σf = 0.0016
equilateral with envelope σf = 0.026
constant S = 6 σf = 0.0011
constant S = 6 with envelope σf = 0.0045
µ = 1 template with envelope σf = 0.0055
ν = 1 template without envelope σf = 0.0008
ν = 1 template with envelope σf = 0.0017
TABLE II: Sensitivity to the amplitude of different primor-
dial shapes for an experiment with 30 < z < 100 and
kmax = 10 Mpc
−1, without marginalisation over secondary
non-gaussianity or shape parameters.
E. Implications for inflation models
An important model-independent aspect of the cos-
mological collider is that the characteristic power-
law/oscillatory behaviors in the squeezed limit of
the bispectrum encode the particle spectrum model-
independently. The amplitude of the bispectrum does
not affect this property, but determines whether these
behaviors are observable. In the previous sections, with
this property in mind, we have studied how well future
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FIG. 12: Degeneracy of amplitude f and mass parameter µ or ν, for a cosmic variance limited experiment with 30 < z < 100
and baseline b = 100 km, assuming fNL = 1.0. Left: Template Eq. (27), with µ = 0.7 (purple), µ = 1.0 (blue), µ = 3.0 (red).
The plot illustrates the improved mass measurement at higher mass. Right: Template Eq. (28), with ν = 0.8 (purple), ν = 1.0
(blue), ν = 1.4 (red).
21-cm experiments can be used to measure these behav-
iors, given an amplitude fNL of the bispectrum.
In inflation models, the amplitude fNL crucially de-
pends on the types of couplings between the heavy fields
and the inflaton, and its value spans a wide range of
values [2, 3, 7, 20, 29]. There are three types of cou-
plings that give qualitatively different sizes of amplitudes.
In this section, using our results we discuss what types
of couplings can potentially lead to measurable particle
spectrum.
All the fNL’s in this subsection refer to those of the
bispectra that carry the signature of the heavy fields,
namely the intermediate/clock signal bispectra. In infla-
tion models, these bispectra can coexist with other more
conventional bispectra such as the local and equilateral
bispectra. Notice in Tab. II that the fNL of the intermedi-
ate/clock signal bispectra is generally harder to constrain
than the conventional ones.
• Gravitational coupling We first consider inflation
models in which the heavy fields couple to the inflaton
field only through gravity. Such couplings exist in all
models, so this is the minimal case [57]. In this case, the
heavy fields contribute to the bispectrum through loop
diagrams because they have to appear in pairs in each
vertex. As a comment, we note that none of the bispec-
trum diagrams in Fig. 1 can arise in the gravitational-
coupling-only models.
The amplitudes of the bispectrum in this case are sup-
pressed by at least factors of slow-roll parameters and
possibly by additional factors of scalar curvature (ignor-
ing the cutoff dependence). So the expected fNL is very
small, i.e. fNL  10−2. Our forecast shows that there
is only a slim chance the particle spectrum could be ob-
served even in the most optimistic experiment. It is a
daunting task for several reasons. Firstly, only in the
case with the most optimistic kmax, σfNL may be reached
at the order O(10−3) or O(10−4). Such experiments
would require a very long baseline (thousands of kilo-
meters) filled array, which, because of ionispheric limita-
tions, needs to be in space or on the moon. Secondly, the
non-Gaussianity floor, fNL ∼ O(10−2), of the slow-roll
inflation models is very likely reached [58] and becomes
a background for the cosmological collider physics. This,
however, may not be a problem for the oscillatory type
of bispectra, similar to the analyses we did for the sec-
ondary non-Gaussianity in Sec. IV B. Lastly, in this case
theoretical predictions from loop diagrams need to be
better understood.
• Direct couplings. The above minimal case geometri-
cally means that the inflaton trajectory is strictly straight
in the field space landscape, and realistically we expect
some level of bending of the trajectory that naturally in-
troduces direct couplings between the inflaton and heavy
fields [2, 3, 7, 29]. There can also be other types of di-
rect couplings that may not be easily visualized geomet-
rically [3]. The direct couplings introduce diagrams such
as A and C in Fig. 1. They can potentially enhance the
amplitude of the bispectrum up to fNL < O(1). This
theoretical constraint comes from requiring perturbative
stability in the computation.
Our results indicate that the cases with fNL & 10−2
are potentially observable if one were to build an array
with a baseline of order O(100) km, targeting kmax = 10
Mpc−1. For example, in the case proposed in Ref. [7],
fNL ∼ M2Pλ2 where λ & 1/MP parameterizes the size of
the cubic coupling, and  . 10−2. In the example in the
Appendix A of [2], several three-point diagrams give rise
to fNL ∼ (θ˙0/H)2 where (θ˙0/H)2 < 1 parameterizes the
bilinear coupling. So in both cases, in principle some of
these bispectra are observable at a level above the non-
Gaussianity floor, which makes them interesting targets
for high-energy physics studies.
• Self-interactions. Because heavy fields do not re-
spect any slow-roll conditions, their self-interactions are
potential sources of large non-linearities [2, 3, 29]. This
introduces diagrams such as B in Fig. 1, which can boost
the amplitude of the bispectrum to fNL & O(1). This is
the most prominent case and may be accessible for ex-
periments with baselines in the range of O(10) km, with
angular resolution around kmax = 1 Mpc
−1.
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This is also the case where the particle spectrum can be
measured most precisely. If we were to find both large self
interactions with a large-enough experiment, we could in-
deed make precise mass measurements, similar to those of
a particle accelerator. Denoting µ =
√
m2/H2 − 9/4, we
forecasted that a 100-km baseline noiseless interferome-
ter, observing at the dark ages, will be able to constrain
∆µ/µ ∼ 1%× f−1NL for µ = 1.0, and even better accuracy
for higher µ.
• Note that the discussion above applies to the case
where the particle mass . O(H). If particles have masses
much larger than H, the amplitude of the corresponding
bispectrum is suppressed by a Boltzmann factor [7]. (The
details of the Boltzmann factor may change [29].) This
applies to all the interaction types mentioned above. So
in a scale-invariant theory, the main interest of cosmo-
logical collider is fields with masses . O(H), which is
the focus of this paper. On the other hand, if inflation
models contain features that break the scale-invariance,
fields with m > O(H) can be excited [18, 19]. In this
case, the massive fields can also imprint distinctive sig-
natures in density perturbations through their classical
oscillations, and the mass of the field that gets excited
depends on the type of feature in the model and its value
can be quite arbitrary, e.g., several orders of magnitude
larger than O(H). Future experimental sensitivities on
this type of signals are studied in [25, 26] using power-
spectrum forecasts.
V. CONCLUSIONS
Additional degrees of freedom, with masses compara-
ble to the scale of inflation, are a generic prediction of a
large class of inflationary models. In this paper we have
examined the possibility of detecting such massive parti-
cles with future 21-cm probes. There is a large number
of uncertain parameters in the problem, both of theoret-
ical and experimental nature. We have first constructed
a template that should cover a large space of models, en-
abling us to easily find the non-Gaussianity signals due
to heavy fields during inflation, avoiding costly numer-
ical integrals for every step. We forecasted how well
this template can be measured, albeit limiting our anal-
ysis to the optimistic cosmic-variance-limited case. In
principle, if one could build a sufficiently large and sen-
sitive instrument, foregrounds could be isolated due to
their smooth frequency spectrum. Gravitational non-
linearities during the dark ages can in principle be deter-
mined to exquisite precision and the computation of the
brightness temperature is not limited by complicated as-
trophysics. While it might take decades to realize such an
experiment, our analysis shows the benefits are impres-
sive. Detecting particles with the cosmological collider
would provide much more detailed information about the
early Universe than non-Gaussianity from inflaton self-
interactions alone. Our findings indicate that the min-
imal case, in which heavy fields only interact with the
inflaton gravitationally, is unlikely to ever be detected
(modulo some issues in theoretical understanding in this
case). However, fields with large direct interactions with
inflaton have a realistic chance to be detected if one can
fully exploit the potential of 21-cm cosmology. Moreover,
non-Gaussianity from self-interactions of the heavy fields
themselves is even more promising, and would be a realis-
tic target for experiments with a baseline of order 10 km.
In principle, the SKA will probe frequencies that could
constrain the 21-cm field from redshifts as high as z = 27
and from earth, and redshifts up to z ∼ 45 are possi-
ble. While many details remain to be worked out in the
future, we have shown that cosmological collider physics
may some day become a reality and shed light into the
particle spectrum at the highest energies we might ever
reach.
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Appendix A: Evaluation of the primordial
bispectrum
1. Short review of the in-in calculation
The curvature bispectrum from inflation can be com-
puted in the in-in formalism, and has been calculated
for the shape we consider here in [7, 20]. We briefly re-
view this calculation which serves as a starting point to
our numerical calculations, and motivates the shape of
the template. The key point is that the squeezed-limit
shape that contains the information of heavy particle is
independent of the details of the vertices.
The second order term of the in-in formula, which we
need to evaluate the process in diagram A of Fig. 1 is
given by
〈ζ3〉′ ⊃
∫ t
t0
dt˜1
∫ t
t0
dt1〈0|HI(t˜1)ζ3IHI(t1)|0〉′ − 2Re
[∫ t
t0
dt1
∫ t1
t0
dt2〈0|ζ3IHI(t1)HI(t2)|0〉′
]
(A1)
= INTO + ITO + c.c.+ 2 perm. ,
We need two vertices for this process, a cubic term and a quadratic term. As an example, Ref. [20] chooses L3 ∼
c3a
3ζ˙2σ and L2 ∼ c2a3ζ˙σ, where ζ is the inflaton and σ is the massive field. With these vertices, we obtain for the
non-time ordered integral
INTO = 2u
∗
k3uk1uk2 |τ=0
(∫ 0
−∞
dτ1c3a
2v∗k3u
′∗
k1u
′∗
k2
)(∫ 0
−∞
dτ2c2a
3vk3u
′
k3
)
, (A2)
while for the time-ordered integral
ITO = −2uk3uk1uk2 |τ=0
[∫ 0
−∞
dτ1c3a
2v∗k3u
′∗
k1u
′∗
k2
∫ 0
τ1
dτ2c2a
3vk3u
′∗
k3 +
∫ 0
−∞
dτ1c3a
2vk3u
′∗
k1u
′∗
k2
∫ τ1
−∞
dτ2c2a
3v∗k3u
′∗
k3
]
(A3)
The mode functions are given by
uk =
H
2
√
MP
1
k3/2
(1 + ikτ)e−ikτ ,
vk = −ie−pi2 µ+ipi4
√
pi
2
H(−τ)3/2H(1)iµ (−kτ). (A4)
2. Numerical evaluation
After inserting the mode functions, we change variables
to x = −k3τ1 and y = −k3τ2 to make the integral depend
only on a single momentum variable α = k12/k3. For the
non time-ordered integral, using a = − 1τH , we find
INTO = C (k1k2k3)
−1 k−33
[∫ ∞
0
dxx(3/2)e−iαxH(2)iµ (x)
] [∫ ∞
0
dy y(−1/2)eiyH(1)iµ (y)
]
, (A5)
where C is a constant real positive number. We perform a Wick rotation as proposed for these integrals in [19] to
improve numerical convergence, obtaining
INTO = C (k1k2k3)
−1 k−33 (−i)
[∫ 0
−∞
dxx(3/2)eαxH
(2)
iµ (ix)
] [∫ ∞
0
dy y(−1/2)e−yH(1)iµ (iy)
]
. (A6)
With the same change of variables, and again performing a Wick rotation, the time-ordered integral is
ITOpart2 = C (k1k2k3)
−1 k−33 (−i)
∫ 0
−∞
dxx(3/2)eαxH
(1)
iµ (ix)
∫ x
−∞
dy y(−1/2)eyH(2)iµ (iy), (A7)
ITOpart1 = C (k1k2k3)
−1 k−33 i
∫ 0
−∞
dxx(3/2)eαxH
(2)
iµ (ix)
∫ 0
x
dy y(−1/2)eyH(1)iµ (iy). (A8)
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Using the above expressions, we can now efficiently evaluate the bispectrum numerically. We define the bispectrum
shape function as usual, so that the bispectrum phase space factor is factored out, i.e.,
〈ζ3〉′ = C
(k1k2k3)2
[
k1k2
k23
I
(
k1 + k2
k3
)
+
k1k3
k22
I
(
k1 + k3
k2
)
+
k2k3
k21
I
(
k2 + k3
k1
)]
. (A9)
The shape is therefore scale invariant under k → λk, so that the oscillations are a function of shape, not of scale.
Results for the primordial shape function are shown in Fig. 2 where we show the characteristic logarithmic oscillation
of the squeezed limit bispectrum. Collecting all factors, the dimensionless amplitude is given by
C =
2pi
28
(
H4
M4p
1
2
)
H−1
M2p 
c2c3 = 2piA
2
s
1
HM2p 
c2c3. (A10)
3. The coupling of AHM
The authors of Ref. [7] (AHM) used a slightly different
coupling with more complicated momentum dependence.
The L3 vertex uses the full spacetime derivative, i.e.,
(∇ζ)2σ → [−(∂ηζ)2 + (∂xζ)2]σ. (A11)
This term actually includes the previous vertex (contain-
ing the conformal time derivative). The L2 vertex is iden-
tical to the case of the previous section.
With these couplings, the diagram gives the contribu-
tion
ITO = −2uk3uk1uk2 |τ=0
[∫ 0
−∞
dτ1c3a
2v∗k3
(
−u′∗k1u′∗k2 − ~k1 · ~k2u∗k1u∗k2
)∫ 0
τ1
dτ2c2a
3vk3u
′∗
k3+∫ 0
−∞
dτ1c3a
2vk3
(
−u′∗k1u′∗k2 − ~k1 · ~k2u∗k1u∗k2
)∫ τ1
−∞
dτ2c2a
3v∗k3u
′∗
k3
]
, (A12)
where we applied ∇˜ = {−∂τ , i~k}. The second vertex is computed with respect to the background field. There is no
spatial derivative and all that remains is the time derivative and a coupling that is a function of the background field.
Using the mode functions we then obtain
ITO = C˜
1
k31k
3
2k
3
3
[∫ 0
−∞
dτ1
τ21
(
−k21k22τ21 − ~k1 · ~k2(1− ik1τ1)(1− ik2τ1)
)
eik12τ1v∗k3
∫ 0
τ1
dτ2
τ32
k23τ2e
ik3τ2vk3+∫ 0
−∞
dτ1
τ21
(
−k21k22τ21 − ~k1 · ~k2(1− ik1τ1)(1− ik2τ1)
)
eik12τ1vk3
∫ τ1
−∞
dτ2
τ32
k23τ2e
ik3τ2v∗k3
]
, (A13)
with k12 = k1 + k2. It can be shown [7] that the momentum dependence in the integral can be obtained by defining
the operator
O12 = −1
2
k1k2
(
k23 − k212
)
∂k12 +
1
2
(k21 + k
2
2 − k23)(1− k12∂k12). (A14)
We then rewrite the integral as before in terms of x and y and the operator
ITO = C˜
k23
k31k
3
2k
3
3
O12
[∫ 0
−∞
dτ1
τ21
eik12τ1v∗k3
∫ 0
τ1
dτ2
τ22
eik3τ2vk3 +
∫ 0
−∞
dτ1
τ21
eik12τ1vk3
∫ τ1
−∞
dτ2
τ22
eik3τ2v∗k3
]
, (A15)
which simplifies to
ITO = C˜
′ k3
k31k
3
2k
3
3
O12
[ ∫ ∞
0
dx
x1/2
e−iαxH(2)iµ (x)
∫ 0
x
dy
y1/2
e−iyH(1)iµ (y)
+
∫ ∞
0
dx
x1/2
e−iαH(1)iµ (x)
∫ ∞
x
dy
y1/2
e−iyH(2)iµ (y)
]
, (A16)
which has the correct dimensions k−6 as [O12] = k2. The integral is therefore identical to shape in Ref. [20] dis-
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cussed in the previous section, modulo different powers
in x and the application of the differential operator. We
can integrate it in the same way as before after a Wick
rotation. This also holds true for the non time-ordered
integral INTO. We plot the shape functions in Fig. 2.
Different from the case of the previous section, AHM
do not consider independent coupling strengths for L2
and L3. After introducing a direct coupling of form
λ(∇φ)2σ between the inflaton φ and the massive field
σ, the bilinear coupling is obtained by setting one leg of
the vertex to the rolling inflaton background value φ˙0.
Such a procedure can be naturally realized in terms of
a turning trajectory. From an EFT point of view, one
expects λ to be of order λ & 1MPL . Going back to cur-
vature perturbations ζ one finds the slow roll suppressed
amplitude of AHM
C˜ = 4A2sM
2
pλ
2 (A17)
Appendix B: Secondary shapes
The explicit form of the 21 secondary shapes of non-
Gaussianity was calculated in Ref. [35]. Here we will re-
view the different families of secondary non gaussianities,
and how they arise.
For convenience, let us name Pi is the matter power
spectrum of ki, so
Pi ≡ Pζ(ki)T 2(ki), (B1)
with T the matter transfer function. We also define µi
as the line-of-sight angle of the ith wavenumber, i.e.
µi = ki,||/ki, (B2)
which ranges from −1 to 1.
The 21-cm temperature T21 depends on the baryon
perturbation δb, and the velocity perturbation δv, non
linearly, which creates non-Gaussianities in T21 even if
the matter was distributed Gaussian. From this non lin-
earity we find bispectra of the type
〈δT (k1)δT (k2)δT (k3)〉 ⊃ 〈δb(k1)δb(k2) (δbδb) (k3)〉
= 2P1P2, (B3)
and similar combinations with δv, which introduce µi fac-
tors.
Additionally, matter is not distributed gaussianly, due
to the non-linear evolution of the density perturbations.
In general, denoting δ
(2)
b as the second-order baryon per-
turbation, it can be shown that
δ
(2)
b (k) =
∫
d3k′F (k,k′)δ(1)b (k
′ − k)δ(1)b (k′), (B4)
where δ
(1)
b is the linear-order perturbation, and F is a
kernel, that can be written as [59]
F (k,k′) = c1 + c2 k · k′
(
1
k′2
+
1
k2
)
+ c3
(k · k′)2
k2k′2
,(B5)
where the ci parameters can be computed for a given
cosmology, and for an Einstein-de-Sitter Universe are
(c1, c2, c3) = (5/7, 1/2, 2/7). Given the precision required
when subtracting this shape, which would be orders of
magnitude above the primordial shape, we marginalize
over each of the ci independently. This creates non-
Gaussianities of the type
〈δT (k1)δT (k2)δT (k3)〉 ⊃
〈
δ
(1)
b (k1)δ
(1)
b (k2)δ
(2)
b (k3)
〉
= 2F (k1,k2)P1P2, (B6)
and similar with combinations containing δv, although
with a kernel including different coefficients ci.
We can then write the 21 components as
Bsec,1 =
(
k1
k2
+
k2
k1
)(−k21 − k22 + k23
2k1k2
)
P1P2 (B7)
Bsec,2 =
(−k21 − k22 + k23
2k1k2
)2
P1P2
Bsec,3 = P1P2(µ
2
1 + µ
2
2)
Bsec,4 =
(
k1
k2
+
k2
k1
)(−k21 − k22 + k23
2k1k2
)
P1P2(µ
2
1 + µ
2
2)
Bsec,5 =
(−k21 − k22 + k23
2k1k2
)2
P1P2(µ
2
1 + µ
2
2)
Bsec,6 = P1P2µ
2
1µ
2
2
Bsec,7 =
(
k1
k2
+
k2
k1
)(−k21 − k22 + k23
2k1k2
)
P1P2µ
2
1µ
2
2
Bsec,8 =
(−k21 − k22 + k23
2k1k2
)2
P1P2µ
2
1µ
2
2
Bsec,9 = P1P2 µ
2
1µ
2
2µ
2
3
Bsec,10 =
(
k1
k2
+
k2
k1
)(−k21 − k22 + k23
2k1k2
)
P1P2, µ
2
1µ
2
2µ
2
3
Bsec,11 =
(−k21 − k22 + k23
2k1k2
)2
P1P2, µ
2
1µ
2
2µ
2
3
Bsec,12 = P1P2 µ
2
3
Bsec,13 =
(
k1
k2
+
k2
k1
)(−k21 − k22 + k23
2k1k2
)
P1P2 µ
2
3
Bsec,14 =
(−k21 − k22 + k23
2k1k2
)2
P1P2(µ
2
3)
Bsec,15 = P1P2(µ
2
1 + µ
2
2)
Bsec,16 =
(
k1
k2
+
k2
k1
)(−k21 − k22 + k23
2k1k2
)
P1P2(µ
2
1 + µ
2
2)µ
2
3
Bsec,17 =
(−k21 − k22 + k23
2k1k2
)2
P1P2 (µ
2
1 + µ
2
2)µ
2
3
Bsec,18 = P1P2(µ
2
1 + µ
2
2)(µ
2
1 + µ
2
2)
Bsec,19 = P1P2(µ
2
1 + µ
2
2)
Bsec,20 = P1P2 µ
2
1µ
2
1µ
2
2µ
2
2
Bsec,21 = P1P2,
19
where each component has two additional permutations,
obtained by (1 → 2, 2 → 3, 3 → 1), and (1 → 3, 2 → 1,
3→ 2).
Appendix C: Convention of fNL
In this paper we defined the power spectrum as in the
Planck inflation paper [60] eq. (25) and eq. (10) to be
〈ζ2〉 ≡ (2pi)3δD(k12)2pi
2As
k3
(C1)
where As ≈ 2.2×10−9 at k∗ = 0.05Mpc−1 (Table 3), and
we neglect the tilt ns. We also defined the bispectrum as
[61, 62]
〈ζ3〉 ≡ (2pi)3δD(k123) A
2
(k1k2k3)2
S(k1, k2, k3). (C2)
where A = 2pi2As. The Planck non-Gaussianity pa-
per [30] works with the potential Φ related by ζ = (5/3)Φ
and defines fNL by
〈Φ3〉 ≡ (2pi)3δD(k123) A
2
Φ
(k1k2k3)2
SΦ(k1, k2, k3). (C3)
where AΦ is defined by
〈Φ2〉 = (2pi)3δ3(k1 + k2)AΦ
k31
, (C4)
We thus see that there is a factor of (5/3) between the
two definitions of S. This order one factor can be taken
care of by a detailed definition of fNL. For example for
the local non-Gaussianity, in (C2), Ref. [58] uses
S = 4× 3
10
fNL
(
k21
k2k3
+ 2 perm
)
(C5)
In (C3), Planck uses
SΦ = 2fNL
(
k21
k2k3
+ 2 perm
)
(C6)
So the extra 5/3 is absorbed in the definition of fNL.
